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Diversity of response in vascular smooth muscle cells to changes in
oxygen tension. Hypoxia causes pulmonary vasoconstriction (HPV), but
also dilation of systemic vessels and the ductus arteriosus. In the adult
animal, HPV is initiated by inhibition of potassium current ('K) in the
smooth muscle cells of small resistance arteries, which results in mem-
brane depolarization and calcium entry through voltage-gated calcium
channels. The oxygen-sensitive channels that initiate HPV are 4-amino-
pyridine (4-AP)-sensitive delayed rectifier channels (KUR), the most
prominent of which has a conductance of 37 pS. In the fetus, hypoxia
causes pulmonary vasoconstriction through inhibition of a calcium-sensi-
tive potassium channel (K). In smooth muscle cells from the rabbit
ductus arteriosus, which dilates in response to hypoxia, whole-cell potas-
sium current is reversibly enhanced, rather than inhibited, by hypoxia. The
principal oxygen-sensitive channel is inhibited by 4-AP and has a conduc-
tance of about 58 pS. There are morphological and electrophysiological
differences between individual pulmonary artery smooth muscle cells, for
example, in some cells 'K is predominantly carried by KOR channels and in
others by K channels. KOR cells are more common in the resistance
pulmonary arteries and K(a in the conduit arteries. Responses of specific
vessels (conduit, resistance; pulmonary, systemic, ductus) at different
stages of development (fetal, neonatal and adult) to changes in oxygen
tension may be determined by the distribution of a variety of ion channels
in the smooth muscle cells.
Hypoxia causes pulmonary vasoconstriction (HPV), while, in
contrast, systemic vessels and the duetus arteriosus are known to
dilate when oxygen tension falls. Some of the mechanisms that
might be responsible for this dichotomy are discussed in this
paper. In the fetus, oxygenation occurs in the placenta, the lungs
are not ventilated, and HPV, along with mechanical forces, keeps
pulmonary vascular resistance high, thus directing blood through
the dilated ductus arteriosus to the aorta. After birth, pulmonary
vasodilation and normoxic constriction of the ductus arteriosus
direct the entire output of the right ventricle to flow through the
lungs. Teleologically, normoxic pulmonary vasodilation and ductal
constriction make sense. The problem is how to explain the fact
that the same signal, an increase in oxygen tension, produces
diametrically opposite results.
Role of potassium channels in HPV
While HPV can be modulated by endothelial-derived vasoac-
tive factors, it does not require the presence of endothelium [1]. In
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fact, the mechanism of HPV seems to be intrinsic to pulmonary
vascular smooth muscle, as hypoxie contraction can be demon-
strated in single pulmonary artery smooth muscle cells [2]. It
involves the depolarization of the smooth muscle cell membrane
and the entry of extracellular calcium [3].
HPV can be inhibited by L-type calcium channel blockers [4, 51
and enhanced by calcium channel agonists, such as Bay K8644 [6,
7]. These observations indicate that the depolarization caused by
hypoxia leads to calcium influx through the voltage-gated calcium
channels. The onset of HPV is extremely rapid, occurring in less
than seven seconds [81. What initiates the depolarization?
By analogy with the control of membrane potential in pancre-
atic beta cells, we proposed that hypoxia might alter the redox
status of pulmonary vascular smooth muscle cells and thus inhibit
potassium current (lK), which would in turn cause membrane
depolarization [9]. Certainly, potassium (K) channel blockers
such as 4-aminopyridine (4-AP), tetraethylammonium (TEA) and
scorpion venom will increase normoxic pulmonary artery pressure
in the perfused lung [10—12]. This effect of K channel blockers
suggests that at least some K channels are important in the
control of resting membrane potential (Em). Patch-clamp studies
indicate that KDR channels are primarily responsible [13, 141. The
trace shown in Figure 1 illustrates that blockers of Ka channels
[TEA and charybdotoxin (CTX)I do not cause depolarization,
while a preferential KDR blocker (4-AP) does cause depolariza-
tion.
It has been demonstrated that hypoxia will inhibit 'K in freshly
dispersed canine pulmonary artery smooth muscle cells hut not in
renal artery smooth muscle cells [12]. Similarly, hypoxia that is
induced by the use of dithionite inhibits 'K in cultured rat
pulmonary artery smooth muscle cells, but not in mesenteric
artery smooth muscle cells [15]. Unfortunately, dithionite is a
powerful reducing agent that lowers oxygen tension, hut does so
by generating superoxide anion [16]. Thus it is not clear whether
dithionite has its effect on 'Kby producing hypoxia, by acting as a
reducing agent, or by generating superoxide anion. In addition,
dithionite inhibits subsequent HPV and is therefore a poor
substitute for authentic hypoxia.
It is important to observe that hypoxia inhibits 'K at negative
membrane potentials that are physiologically relevant [14]. In
single-channel experiments using amphotericin-perforated vesi-
des (Fig. 2), hypoxia has been shown to cause reversible K
channel inhibition. Similar single-channel inhibition has also been
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Fig. 1. Membrane potential (E,,,) of a rat
resistance pulmonaty arte,y smooth muscle cell.
4-Aminopyridine (4-AP), but not
tetraethylammonium (TEA) or charybdotoxin
(ETX), depolarizes the membrane. Reproduced,
with permission, from reference [14].
Fig. 2. Hypoxia causes reversible K channel inhibition. Frequency histograms and examples of actual single channel recordings in an amphotericin-
perforated vesicle, obtained from a rat resistance pulmonary artery smooth muscle cell. C indicates channel closed; 1, 2, and 3, number of channels open.
Reproduced, with permission, from reference [14].
recorded after one minute of hypoxia in on-cell patches, when the
electrode has contained TEA and niflumie acid to exclude I(
and chloride channel activity, respectively [14]. In the latter
experiments it should be noted that more than one KOR channel
was seen to be inhibited by hypoxia. The conductance of the
predominant channel is 37 pS, but several channels may be
involved. Hence, in smooth muscle cells taken from resistance
pulmonary arteries of the rat, the oxygen-sensitive KTh channels
appear to belong to the KI)R group. The question of whether the
channel itself, or a more proximal signaling mechanism, such as
redox change, is the oxygen sensor is discussed later.
Diversity of K channel distribution in pulmonary artery
smooth muscle
While identifying the class of K channel in pulmonary artery
smooth muscle that responds to changes in oxygen tension, we
recognized differences between smooth cells, both in appearance
and electrophysiology [14]. There are small cells with a perinu-
clear bulge that have a high current density (258 27 pA/pF) and
currents that are inhibited by 4-AP. These "KDR cells" constitute
65% of the smooth muscle cells in the distal pulmonary artery of
the rat, but only 15% of the cells from the proximal pulmonary
—10
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Fig. 3. Effect of K channel inhibition on oxygen-induced ovine fetal pul-
monary vasodilation. In each of the control periods, 100% oxygen given to
the maternal ewe causes a decrease in total pulmonary resistance in the
fetus. Tetraethylammonium (; N = 5) and Iberiotoxin (; N = 5), which
are K channel blockers, reduce the oxygen-induced pulmonary vasodi-
lation (P < 0.05). Glibenclamide (U), a KATE, channel blocker, has no
effect. Drawn from data in reference 1231.
artery. There are also larger, elongated cells that have a much
lower current density (14.5 1.9 pA/pF) and currents that are
inhibited by TEA or CTX. These "K, cells" constitute 15% of
the cells from the proximal pulmonary artery but only 3% of those
from the distal pulmonary artery. The remaining cells form a
distinct group with characteristics intermediate between those of
the KDR and K, cells. On exposure to hypoxia, the KDR cells
show inhibition of whole-cell 'K and membrane depolarization.
The Ka cells have currents that are increased by hypoxia [14j.
The diversity of K channel expression may explain the differ-
ent reactivity of proximal and distal pulmonary arteries to hypoxia
and other stimuli. The variation in the distribution of KDR and
Kca cells may reflect differences in the embryologic origins of the
proximal pulmonary arteries (sixth aortic arch) and the distal
pulmonary arteries (lung bud) 117, 18]. It is likely that other
channels show a similar diversity of expression between conduit
and resistance vessels. Calcium channel density and response to
oxygen has recently been reported to change within the pulmo-
nary vasculature of the rabbit [19]. It is well documented that
other K channels predominate in the response of systemic
vascular beds to hypoxia. In cat cerebral arteries Ka current
increases with hypoxia [20]. In the guinea pig heart, ATP-
dependent K channels (KATP) are thought to open in response
to hypoxia [21]. Phenotypic variation in the expression of smooth
muscle and cytoskeletal proteins has been described in smooth
muscle cells from the main pulmonary artery [22]. Furthermore,
the smooth muscle cell phenotypes change during the develop-
ment from fetal to neonatal, and from neonatal to adult life. Do
these developmental changes have a parallel in smooth muscle
cell electrophysiology?
Hypoxic inhibition of 1K in fetal pulmonary artery smooth
muscle
In the fetus, as in the adult, hypoxia causes pulmonary vaso-
constriction in part through the inhibition of 1K and membrane
depolarization in smooth muscle cells [23]. However, if the
maternal ewe is ventilated with 100% oxygen, the ensuing fetal
pulmonary vasodilation can be inhibited by TEA and iberiotoxin,
(preferential Kc;a channel blockers), hut not by glihenclamide (a
KATP inhibitor, Fig. 3). This observation suggests that in the ovine
Fig. 4. Effect of normoxia on K currents in smooth muscle cells freshly
dispersed from distal pulmonary arteries of the ovine fetus. Whole-cell
current increases on changing from hypoxia (P02 25 mm Hg) to normoxia
(P02 120 mm Hg). Charybdotoxin (CTX, 100 nM) decreases the current
during continued normoxia. Symbols are: (•) hypoxia; (•) normoxia; (A)
CTX + normoxia. tcurrentvoltage relationship different from hypoxic
control (P < 0.01). Reproduced with permission from reference 1231.
fetus, K, channels might be the oxygen-sensitive channel, rather
than the KDR channels that are oxygen-sensitive in the adult rat.
Whole cell studies of 'K in fetal smooth muscle cells show that
changing from hypoxia to normoxia markedly increases 'K (Fig. 4).
This increase can be entirely inhibited by CTX (100 nM), indicat-
ing that the current induced by normoxia flows through Ka
channels [231. Further studies are needed to determine whether
these are developmental changes in oxygen-sensing in the pulmo-
nary vasculature, rather than species differences.
It is worth noting that a similar switch in the channel respon-
sible for oxygen-sensing seems to occur in the carotid body
between neonatal and adult life. In the neonatal rat, K< channels
(190 pS) in the type I cell of the carotid body are reported to be
inhibited by hypoxia when studied in perforated vesicles [241. In
the adult rabbit, the oxygen-sensitive K channel is not affected by
calcium and has a conductance of about 20 pS [25].
Role of K channels in oxygen-sensing in the ductus arteriosus
At birth, pulmonary vasodilation is initiated in part by an
increase in Kc;a current in the smooth muscle cells of the
resistance pulmonary arteries [261. In the adjacent ductus arteri-
osus the increase in oxygen tension causes constriction rather than
dilation. In isolated rabbit ductus rings, 4-AP causes constriction,
but not TEA or glibenclamide, suggesting a possible role for KOR
channels [27]. Whole-cell 'K in ductus smooth muscle cells is
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I 200
lOpA Fig. 5. Cell-attached, single channel recordingfrom a smooth muscle cell freshly dispersed from
the ductus arteriosus of a neonatal lamb (+40
mV). Two distinct channels are shown, a 150 pS
channel, sensitive to TEA (5 mM) and a 58 pS
channel, sensitive to 4-AP (1 mM). Normoxia
inhibits the smaller conductance channel, while
leaving the larger conductance channel
unchanged.
reversibly inhibited and membrane potential is depolarized by
increasing oxygen tension from 20 to 130 mm Hg, mimicking the
change at birth. Single channel studies (Fig. 5) reveal that oxygen
reversibly inhibits a 4-AP-sensitive 58 pS K channel, decreasing
the open probability. Ka channel activity is not inhibited and is
actually slightly increased by oxygen in these cells. These obser-
vations indicate that a 4-AP sensitive K channel in the ductus is
oxygen-sensitive and may be responsible for initiating membrane
depolarization and calcium entry. What is not clear is how the
mechanism of oxygen sensing in the pulmonary vasculature and
the ductus results in entirely opposite results in terms of K
channel gating. Again, are these markedly different oxygen-
sensing channels or are they exposed to different signals from a
more proximal oxygen-sensing mechanism?
Oxygen sensing and the control of K channel gating
One mechanism proposed to trigger HPV is that there is a
reduction in oxidative phosphorylation and in the availability of
high energy phosphates [28]. While a reduction in ATP in
pulmonary arteries can occur within four minutes of the onset of
hypoxia [29], it seems unlikely that it would occur within the seven
seconds needed for the start of HPV [8, 30]. Inhibitors of
oxidative metabolism such as antimycin A and rotenone mimic
hypoxia in that they cause pulmonary vasoconstriction [31], re-
duce chemiluminescence (a measure of oxygen radical produc-
tion) measured from the lung surface, and decrease the whole cell
'K in pulmonary artery smooth muscle cells [32]. Like hypoxia they
also activate the carotid body, another oxygen-sensitive tissue [33].
If these metabolic inhibitors do not block K channels by
decreasing ATP, it is possible that they do so by making the
cytoplasm more reduced by increasing NADH relative to NAD, or
GSH relative to GSSG (reduced and oxidized glutathione), as
observed during hypoxia [9, 29, 321. It is clear that changes in
redox status can alter the gating of some K channels [reviewed in
31• It is not clear whether the oxygen-sensitive K channel(s) are
included and, if so, whether this is the mechanism by which
changes in oxygen tension alter channel gating. One possibility
that has been raised in several models of oxygen sensing is that the
production of superoxide anion or hydrogen peroxide by NADPH
oxidase could be an essential part of the mechanism [35—371.
However, while transgenic mice [381, that lack the gp9l-kD
subunit of NADPH-oxidase, produce virtually no superoxide at
the lung surface, they have the same pulmonary pressor responses
to hypoxia as wild-type mice [39]. Thus, participation by NADPH-
oxidase seems unlikely. Involvement of NADH-oxidase remains
possible, either through a direct redox action of superoxide
anion/hydrogen peroxide/hydroxyl radical or through an effect on
cGMP production [40, 41]. The mechanism by which oxygen is
sensed in different vessels has to allow either the same signal
(redox, ATP, cGMP, etc.) to reach quite different K channels,
such that the gating response is opposite in the distal pulmonary
artery and in the ductus, or, through an additional step ( subunit,
mitochoridrial/peroxisomal metabolism, plasma membrane elec-
tron chain/cytochrome), to send different signals to similar K
channels in these vessels.
Reprint requests to E. Kenneth Weir, M.D., VA Medical Center (JI1C),
One Veterans Drive, Minneapolis, Minnesota 55417, USA.
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